ABSTRACT: We report the design and synthesis of 2′-fluoro cyclohexenyl nucleic acid (F-CeNA) pyrimidine phosphoramidites and the synthesis and biophysical, structural, and biological evaluation of modified oligonucleotides. The synthesis of the nucleoside phosphoramidites was accomplished in multigram quantities starting from commercially available methyl-D-mannose pyranoside. Installation of the fluorine atom was accomplished using nonafluorobutanesulfonyl fluoride, and the cyclohexenyl ring system was assembled by means of a palladium-catalyzed Ferrier rearrangement. Installation of the nucleobase was carried out under Mitsunobu conditions followed by standard protecting group manipulations to provide the desired pyrimidine phosphoramidites. Biophysical evaluation indicated that F-CeNA shows behavior similar to that of a 2′-modified nucleotide, and duplexes with RNA showed slightly lower duplex thermostability as compared to that of the more rigid 3′-fluoro hexitol nucleic acid (FHNA). However, F-CeNA modified oligonucleotides were significantly more stable against digestion by snake venom phosphodiesterases (SVPD) as compared to unmodified DNA, 2′-fluoro RNA (FRNA), 2′-methoxyethyl RNA (MOE), and FHNA modified oligonucleotides. Examination of crystal structures of a modified DNA heptamer duplex d(GCG)-T*-d(GCG):d(CGCACGC) by X-ray crystallography indicated that the cyclohexenyl ring system exhibits both the 3 H 2 and 2 H 3 conformations, similar to the C3′-endo/C2′-endo conformation equilibrium seen in natural furanose nucleosides. In the 2 H 3 conformation, the equatorial fluorine engages in a relatively close contact with C8 (2.94 Å) of the 3′-adjacent dG nucleotide that may represent a pseudo hydrogen bond. In contrast, the cyclohexenyl ring of F-CeNA was found to exist exclusively in the 3 H 2 (C3′-endo like) conformation in the crystal structure of the modified A-form DNA decamer duplex [d(GCGTA)-T*-d(ACGC)] 2. In an animal experiment, a 16-mer F-CeNA gapmer ASO showed similar RNA affinity but significantly improved activity compared to that of a sequence matched MOE ASO, thus establishing F-CeNA as a useful modification for antisense applications.
■ INTRODUCTION
The 2′-deoxy-2′-fluoro modification of RNA (FRNA 3, Figure  1 ) has been extensively investigated in the context of antisense therapeutics. FRNA modified nucleic acids have been used for RNase H based antisense, 1 as ribozymes, 2 as modulators of RNA splicing, 3 as microRNA antagonists, 4 for chemically modifying the sense and antisense strands in siRNA duplexes, 5, 6 as well as for improving the properties of oligonucleotide aptamers. Macugen (pegaptanib), a FRNA modified oligonucleotide aptamer targeting vascular endothelial growth factor (VEGF), has been approved by the FDA for treatment of macular degeneration. 7 FRNA modified oligodeoxyribonucleotides show improved duplex thermal stability when paired with RNA strands and also show improved stability toward nuclease-mediated degradation relative to unmodified oligonucleotides. 8, 9 The electronegative nature of fluorine in FRNA causes the nucleoside furanose ring to adopt the C3′-endo sugar pucker and modified duplexes with RNA resemble the A-type helical geometries reminiscent of RNA/RNA duplexes. 10 However, unlike RNA/RNA duplexes where the 2′-hydroxyl group participates extensively in hydrogen-bonding with the water of hydration lattice around the sugar−phosphate backbone in the minor groove, the 2′-fluorine does not participate in hydrogen bonding with the water lattice. 11 As a result, FRNA modified duplexes have a considerably drier minor groove, and the improved duplex thermal stability has been attributed to increased enthalpy as a result of stronger Watson−Crick base pairing. 11 To further explore the impact of fluorination on the biophysical and biological properties of nucleic acids, a number of other fluorinated nucleic acids analogues have been reported in the literature (Figure 1 ). Some notable examples include the "arabino" configured fluorinated analogue of DNA (FANA 4), which improves the thermal stability of oligonucleotide duplexes and is one of a handful of analogues that support cleavage of modified duplexes by RNase H. 12−15 However, in the case of FANA, the improved duplex thermostability stems from formation of a pseudo H···F bond between H-8 on the purine nucleobases and the 2′-fluorine atom in the "arabino" configuration on the 5′-adjacent nucleotide at purinepyrimidine steps. 16 In addition, we have also recently reported the synthesis and antisense properties of both isomers of 3′-fluoro hexitol nucleic acid (FHNA 7 and Ara-FHNA 8), 17 as well as the R-and S-6′-Me backbone modifications of FHNA. 18 Hexitol nucleic acid (HNA 5) modified oligodeoxyribonucleotides, first described by the Herdewijn group, show improved affinity for complementary RNA. 19 In the hexitol series, the relatively flexible furanose ring found in DNA and RNA is replaced with a more rigid six-membered hexitol ring and the position of the nucleobase is moved from the anomeric carbon to the 3′-position. This arrangement presents the nucleobase in an axial orientation and as such mimics the C3′-endo sugar pucker. 20 Our studies showed that the HNA analogue with the axial fluorine atom (FHNA) improved oligonucleotide duplex thermal stability when paired with RNA, whereas the analogue with the equatorial fluorine atom (Ara-FHNA) was destabilizing. These observations were further rationalized using structural data. 17 FHNA modified gapmer phosphorothioate antisense oligonucleotides (ASOs) also showed excellent activity in animal experiments that was comparable to the activity observed with the corresponding sequence matched LNA ASOs despite a lower overall T m . The improved activity of FHNA ASOs was attributed to a more efficient functional uptake of the fluorinated ASO into liver tissue. 17 The Herdewijn group has also introduced another series of nucleic acid analogues where the hexitol ring was replaced with a cyclohexenyl ring system (CeNA). 21−24 The cyclohexenyl ring is conformationally more flexible as compared to the hexitol ring, and the two extreme half-chair conformations of CeNA (   2   H 3 and   3 H 2 ) resemble the conformational states of the C2′-endo and C3′-endo sugar puckers of the furanose ring in DNA and RNA. Structural studies showed that the ring conformation adopted by CeNA nucleotides within a modified oligonucleotide duplex is dependent on the overall helical geometry of the duplex. For example, CeNA nucleotides were found to exist in the 3 H 2 conformation (similar to C3′-endo sugar pucker) in a fully modified octamer GTGTACAC, 25 while the cycohexene ring was found to adopt the 2 Econformation when placed in the center of the Dickerson dodecamer GCGCAATTCGCG. 26 In another study CeNA was found to adopt both the 2 H 3 and the 3 H 2 conformations in Btype helices when incorporated into a non-self complementary sequence GCGTGCG. 27 CeNA substitution into the sense or antisense strand was found to improve the activity of modified siRNA duplexes in cell culture experiments. 28 Further structural and modeling studies using the CeNA modified siRNA showed that the CeNA/RNA duplex bound to the PIWI protein did not show major differences in interactions between the protein and the CeNA modified antisense strand as compared to an unmodified RNA/RNA duplex. 28 Given the interesting structural and biological properties of CeNA and various fluorinated nucleic acid analogues and the observation that unsaturated moieties can serve as bioisosteres for an oxygen atom in nucleic acid structures, 29 we were keen on assessing the biophysical and biological properties of 2′-fluoro CeNA (F-CeNA) as a modification for antisense therapeutics. It is conceivable that fluorine substitution could further improve the hybridization properties of CeNA modified oligonucleotides by increasing the strength of Watson−Crick base pairing or by biasing the cyclohexenyl ring toward the 3 H 2 pucker by participating in nonbonding interactions with the π system of the cyclohexenyl ring. In addition, inserting fluorine into the already less hydrated minor groove of CeNA duplexes with RNA could have an impact on the biological properties of modified oligonucleotides since the minor groove is an important recognition element for proteins such as RNase H 30, 31 and Ago-2, 32 which mediate antisense effects. To address these issues, we synthesized both of the pyrimidine nucleoside phosphoramidites of F-CeNA in mutigram quantities and characterized the biophysical and biological properties of F-CeNA modified oligodeoxyribonucleotides in T m , nuclease stability and animal experiments. In this report, we show that F-CeNA substitution is well tolerated and the modified oligonucleotides show equivalent duplex stabilizing properties relative to FRNA and CeNA but not FHNA when paired versus RNA complements and a greatly enhanced nuclease stability profile relative to FRNA and FHNA modified oligonucleotides. In an animal experiment, a F-CeNA phosphorothioate modified gapmer oligonucleotide showed significantly improved potency as compared to a sequence matched MOE counterpart, thus establishing F-CeNA as a useful modification for antisense applications.
■ RESULTS AND DISCUSSION
The Herdewijn group has described a number of methods for the synthesis of CeNA nucleosides. 22,24,33−35 We envisaged that F-CeNA nucleosides could be prepared in an enantiocontrolled manner by using the general strategy described for the preparation of Ara-CeNA nucleosides. 36 This strategy was adapted from the total synthesis of cyclophellitol originally described by Jung. 37 Retrosynthetically, the DMTr protected FCeNA phosphoramidite 11 could be prepared by appropriate protecting group manipulations from a suitably protected FCeNA monomer 12, which in turn could be accessed from the allylic alcohol 13 by means of a Mitsunobu reaction (Figure 2 ). Allyllic alcohol 13 was anticipated from the beta-hydroxy ketone 14 by elimination of the beta hydroxyl group followed by a Luche reduction of the intermediate enone. Ketone 14 could in turn be prepared from sugar 15 by means of a Ferrier rearrangement. The exocyclic double bond in 15 could be installed by elimination of the 6′-iodo atom in 16 while the fluorine atom could be introduced by an S N 2 inversion of the 4′-hydroxyl group. The 2′-hydroxymethyl group in 16 could arise by hydroboration of the exocyclic double bond in 17, which in turn could be installed by means of a Wittig reaction on the 3′-protected benzylidene 18. Lastly, 18 could be prepared by selective protection of the known sugar intermediate 19.
Synthesis of the F-CeNA monomer was initiated from the known methyl-mannopyranosyl benzylidene protected sugar 19 (Scheme 1). Selective protection of the equatorial 3′-hydroxyl group as the Nap ether 38, 39 was accomplished by alkylation of the cyclic stannylidene ether with 2-bromomethylnapthalene to provide 20. Oxidation of the primary alcohol using the Swern conditions followed by a Wittig olefination provided the exocyclic olefin 21. Hydroboration of the olefin using 9-BBN followed by oxidation of the intermediate boronate species with sodium perborate provided the 2′-hydroxymethyl sugar 22 as a mixture of diastereoisomers. Equilibration of the mixture to give the more stable equatorial hydroxymethyl diastereoisomer was accomplished by a three-step process. 37 The primary hydroxyl group was first oxidized to the aldehyde using the Swern conditions 40 followed by treatment with triethylamine to yield the equatorial aldehyde and subsequent reduction with sodium borohydride to provide 23. Protection of the primary hydroxyl group as the pivaloyl (Piv) ester followed by opening of the benzylidene ring using aqueous HCl provided the diol 24 in good yield. We found that it was not necessary to protect the secondary 4′-hydroxyl group for selective conversion of the primary 6′-hydroxyl group to the iodide 25. Gratifyingly, fluorination of the secondary equatorial 4′-hydroxyl group to the axial fluoride 26 proceeded smoothly using DBU and nonafluorobutanesulfonyl fluoride as the fluorinating agent.
41
Attempts to eliminate the 6′-iodide in 26 using DBU as reported previously resulted in variable results. The major byproduct of this reaction, as indicated by LC−MS analysis of the crude reaction mixtures, appeared to be adducts arising from nucleophilic displacement of the iodide with DBU. Instead, this elimination was carried out using silver fluoride in DMF 42 to provide the exocyclic olefin 27 in essentially quantitative yield. While the Ferrier rearrangement of 27 to the carbocycle 28 could be carried out using HgCl 2 , 37 we found that this transformation could also be effected equally efficiently using catalytic PdCl 2 .
43 Mesylation of the hydroxyl group and subsequent elimination to the enone 29 was carried out in good yield using methanesulfonyl chloride in pyridine on a gram scale. Unfortunately, during the scale-up effort, attempts to remove portion of the pyridine on a rotary evaporator prior to aqueous workup resulted in the formation of a large amount of 30, presumably due to deprotonation of the acidic γ proton followed by elimination of the adjacent pivaloyloxy group. 44 Despite this setback, we were still able to prepare >12 g of 31 for completing the synthesis of the pyrimidine monomer phosphoramidites. While the mesylation/elimination sequence was not attempted at scale again, we believe that this problem can be avoided by using a solvent other than pyridine for the reaction or by extracting the hydrophobic enone 29 into ethyl acetate followed by aqueous washes to remove pyridine from the product prior to concentration. Reduction of the enone under Luche conditions 45 provided the allylic alcohol 31 with axial attack of the hydride nucleophile onto the carbonyl group.
Synthesis of the protected thymine nucleobase monomer 33 was accomplished by means of a Mitsunobu reaction between 31 and N3-benzoyl protected thymine. The use of the protected nucleobase was necessary to avoid reaction at the more acidic N3-position. We also detected formation of a second byproduct from this reaction 34 arising from reaction at O2 of N3-benzoyl protected thymine. Removal of the Nap protecting group in 33 with DDQ 39 followed by deprotection of the pivaloyl and the N3-benzoyl groups with potassium carbonate in methanol provided the unprotected thymine monomer 35. The identity and absolute stereochemistry of 35 was unambiguously assigned by X-ray crystallography ( Figure  3) . Protection of the primary alcohol in 35 as the DMTr ether to give 36 followed by a phosphitylation reaction provided the phosphoramidite 37, which was now ready for solid-phase oligonucleotide synthesis.
Synthesis of the N4-benzoyl protected cytosine monomer was accomplished using a procedure described previously (Scheme 2). 39 Protection of the secondary hydroxyl group in 36 as the TBS ether to provide 38 followed by a three-step sequence (C4-triazolide formation, displacement with ammonia, and benzoylation of exocyclic amino group) provided the N4-benzoyl cytosine monomer 39. 46 Removal of the TBS group to provide 40 followed by a phosphitylation reaction provided the desired phosphoramidite 41.
Synthesis of F-CeNA modified oligodeoxyribonucleotides was accomplished using standard phosphoramidite chemistry on an automated DNA synthesizer. Oligonucleotides were synthesized at 2 micromole scale on polystyrene resin using DCI as the activator and iodine/water as the oxidizing agent. 39 A coupling time of 5 min was used for the F-CeNA monomers, and the average yield for incorporation was >95%. Cleavage of the oligonucleotides from the resin as well as deblocking of the base protecting groups was accomplished by heating the resin in aqueous ammonia after completion of the synthesis. The crude oligonucleotides were purified by ion exchange chromatography followed by desalting on reverse phase to provide the final oligonucleotides.
The modified oligonucleotides were evaluated in T m experiments to ascertain the effect of F-CeNA incorporation on duplex thermal stability when paired with RNA complements (Table 1) . We used two different sequences for the T m measurements. In the first sequence we examined the effect of one, two, and three tandem incorporations of bold and underlined). We also prepared the corresponding MOE, FRNA, FHNA, and CeNA modified oligonucleotides as controls. Somewhat surprisingly, a single incorporation of MOE, FRNA, CeNA, or F-CeNA in the middle of a stretch of dT nucleotides reduced duplex thermal stability, two incorporations were T m neutral, and three incorporations were stabilizing relative to unmodified DNA. In contrast, a single incorporation of FHNA in which the hexitol ring mimics the C3′-endo (N-type) sugar pucker, was slightly stabilizing, whereas two and three incorporations had a significant stabilizing effect on duplex thermostability. We and others have previously examined the duplex stabilizing properties of several 2′,4′-bridged nucleic acids (BNA, also known as locked nucleic acids or LNA) analogues in this sequence, and a single incorporation of a BNA nucleotide typically produces a +5°C enhancement in duplex thermal stability when paired with DNA or RNA complements. 29,39,47−53 It is known that insertion of BNA nucleotides into DNA results in conformational tuning of the adjacent 2′-deoxynucleotides toward the C3′-endo conformation. 54 It is likely that this occurs more efficiently with BNA nucleotides as compared to the more flexible 2′-modified nucleotides or the relatively less flexible (but not locked) hexitol nucleic acids. Thus, one could rationalize that a single incorporation of MOE, FRNA, CeNA, or F-CeNA in a stretch of dTs produces a local destabilizing change in the oligonucleotide duplex resulting in a slight decrease in T m . In contrast, two or more incorporations of these nucleotides starts to change the overall duplex conformation toward a more stable A-type helical geometry resulting in a net stabilizing effect on duplex thermostability.
We also evaluated the duplex stabilizing properties of all of the above modifications in a second sequence (5′-d-(CCAGTGATATGC)-3′, modified nucleotide is bold and underlined) using three incorporations of the modified nucleotides. An important difference here was that the modified nucleotides are now flanked by purine deoxynucleotides, thus providing a different sequence context for the T m evaluation. In this sequence, F-CeNA, MOE, and FRNA showed good duplex stabilizing properties (ΔT m +1.8°C/mod), while CeNA was slightly less stabilizing (ΔT m +1.0°C/mod). However, F-CeNA was still less stabilizing as compared to FHNA by ∼1°C/ mod. 17 Thus the T m data suggests that F-CeNA does not produce a dramatic increase in RNA-affinity relative to that of CeNA and behaves more like FRNA as opposed to FHNA when paired with RNA complements. The data also suggests that F-CeNA retains the conformational flexibility characteristic of furanose nucleotides in contrast to FHNA, where the more rigid hexitol ring exists predominantly in the C3′-endo sugar pucker.
We next evaluated the ability of F-CeNA to stabilize DNA against 3′-exonuclease digestion using snake venom phosphodiesterase (SVPD) ( Table 2 ). We prepared 12-mer poly-T oligonucleotides containing 2 incorporations of the modified nucleotide at the 3′-terminus. In this study, the F-CeNA modified oligonucleotide was exceptionally stable with a halflife >24 h. In contrast, the FRNA and MOE modified oligonucleotides were completely degraded in <5 min while the FHNA modified oligo was more stable (T 1/2 = 160 min). We did not evaluate the exonuclease stability of CeNA in this study so it is difficult to ascertain if the dramatic improvement in nuclease stability was a consequence of the cyclohexenyl ring system or the added fluorine substitution. However, on the basis of the differences in exonuclease stability between FRNA, FHNA, and F-CeNA, one can conclude that the improved nuclease stability of F-CeNA is most likely a result of the cyclohexenyl ring system, which lacks the 4′ ring oxygen atom. This further suggests that the 4′-oxygen atom is an important recognition element for cleavage of the oligonucleotides by SVPD and could be involved in chelating metal ions in the enzyme active site. 55 We analyzed the conformational properties of F-CeNA T (T*) in the crystal structure of the modified B-form DNA heptamer duplex d(GCG)-T*-d(GCG):d(CGCACGC) determined to 1.57 Å resolution (PDB ID code 4F2X; see Supporting Information Table 2 for experimental details and Supporting Information Figures 1 and 2 for the quality of the electron density). Unlike the corresponding duplex with incorporated CeNA T that crystallizes in a tetragonal space group, 27 crystals of the F-CeNA modified duplex belong to orthorhombic space group P2 1 2 1 2 1 . However, both crystal lattices feature two independent duplexes per asymmetric unit that exhibit slightly distorted B-form conformations (Supporting Information Figures 1 and 2 ).
The structure of the F-CeNA modified duplex reveals that the 3′-fluorine affects the local conformation only minimally relative to the corresponding region in the CeNA structure 
a Uppercase letters indicate 2′-deoxynucleotides, and bold underlined letters indicate modified nucleotides. b T m values were measured at 4 μM oligo concentration in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl and 0.1 mM EDTA; the sequences of the RNA complements were 5′-r(AGCAAAAAACGC)-3′ and 5′-r-(GCAUAUCACUGG)-3′; c Reference 17. 
FHNA 160
a Uppercase letters indicate 2′-deoxynucleotides, and bold underlined letters indicate modified nucleotides.
b Each oligonucleotide was prepared as a 500 μL mixture containing 12.5 μL of 200 μM oligomer, 50 μL of SVDP at 0.005 U/mL in SVPD buffer (50 mM Tris-HCl, pH 7.5, 8 mM MgCl 2 ) final concentration 0.0005 U/mL, and 438.5 μL of SVP buffer. Samples were incubated at 37°C in a thermoblock. Aliquots (50 μL) were taken at different intervals. EDTA was added to aliquots immediately after removal to quench enzyme activity, and the samples were analyzed on IP HPLC−MS. The results are expressed as half-life (T 1/2 ) in minutes.
( Figure 4 ). Interestingly, in one duplex both F-CeNA T and CeNA-T exhibit a 2 H 3 -type pucker that mimics the 2′-deoxyribose C2′-endo state ( Figure 4A and B, respectively). The B-form character of the backbone at the T*4pG5 step is also indicated by the relatively long P···P distance of 6.90 Å in the duplex containing F-CeNA T (7.34 Å, CeNA; nucleotides are numbered 1 to 7 in the GCGT*GCG heptamers). The equatorial orientation of fluorine leads to a slightly increased spacing between C3′ of the cyclohexenyl ring and C8 from the adjacent guanine ( Figure 4A and B). The fluorine engages in a relatively close contact with C8 (2.94 Å) that may represent a pseudo hydrogen bond, 16, 17 thus providing a rationalization for the considerably increased RNA affinity of DNAs with F-CeNA T incorporated at Py-Pu steps as opposed to being embedded within stretches of T (Table 1) .
In the second duplex, F-CeNA T and CeNA T exhibit a 3 H 2 -type pucker that mimics the ribose C3′-endo state ( Figure 4C and D, respectively). The A-form character of the backbone at the T*4pG5 step is indicated by a P···P distance of 5.84 Å in the duplex containing F-CeNA T (5.73 Å, CeNA). The fluorine with axial orientation juts into the minor groove and is not involved in any short intra-or internucleotide contacts ( Figure  4C ).
To assess the influence of the duplex form on the conformational preference of F-CeNA residues, we determined the crystal structure of the modified A-form DNA decamer duplex [d(GCGTA)-T*-d(ACGC)] 2 at 1.60 Å resolution (PDB ID code 4F2Y; see Supporting Information Table 2 for experimental details and Supporting Information Figures 3 and  4 for the quality of the electron density). Unlike in the B-form duplex, both F-CeNA Ts in the A-form duplex adopt a 3 H 2 -type pucker that mimics the ribose C3′-endo state ( Figure 4E and F). This observation supports the notion that an RNA environment shifts the F-CeNA conformational equilibrium toward the C3′-endo like state with an axial orientation of fluorine.
The structural data demonstrate that the presence of fluorine at the 3′-position of CeNA does not fundamentally alter the conformational flexibility of the cyclohexenyl moiety. Paired with RNA, F-CeNA-modifications within a DNA can be expected to increase the stability relative to the corresponding CeNA-DNA chimeric strand by pseudo H-bonding (an isolated F-CeNA residue) or by locking the cyclohexenyl ring in a C3′-endo mimicking conformation (consecutive stretch of F-CeNA residues).
Lastly, we evaluated the biological profile of F-CeNA using a 16-mer fully phosphorothioate (PS) modified gapmer antisense oligonucleotide (ASO) with a 10-base deoxynucleotide gap flanked on each end with three F-CeNA nucleotides (Table 3 ).
This ASO targets mouse phosphatase and tensin homologue (PTEN) and represents a two nucleotide extension of a 14-mer sequence that we have previously used to profile the biological properties of multiple 2′,4′-BNA and HNA analogues. 17, 56, 57 We decided to use a slightly longer ASO sequence given that FCeNA showed lower RNA affinity relative to that of FHNA and fortituously, all of the modified nucleotides in the flanks needed pyrimidine nucleobases to maintain perfect complementarity to the PTEN mRNA. We included a sequence matched 16-mer MOE ASO as a control for the experiment. We first evaluated the duplex thermal stability of the modified ASOs versus a 20-mer RNA complement. Both the F-CeNA and MOE ASOs A1 and A2, respectively, showed almost identical duplex thermal stabilities thus corroborating our T m observations from the earlier biophysical experiments.
In the animal experiment, mice (Balb-c, n = 4/group) were injected subcutaneously with a single dose of 3.2, 10, 32, and 100 mg/kg of ASOs A1 and A2. The mice were sacrificed 48 h after ASO injection, the liver tissue was homogenized, and PTEN mRNA was quantified and normalized relative to the saline-treated group. The reductions in PTEN message were curve fitted using nonlinear regression software, and ED 50 values were calculated ( Figure 5 ). Both ASOs were well tolerated, but the F-CeNA ASO A2 (ED 50 = 22 mg/kg) showed almost 4-fold better activity than the MOE ASO A1 (ED 50 = 91 mg/kg) in the single dose−response experiment. This large difference in activity with the fluorinated ASO is consistent with our previous observations with a FHNA modified ASO that showed excellent activity in animals despite a lower overall T m as compared to a sequence matched LNA benchmark ASO. However, it should be noted that the poor activity observed with the MOE ASO is not typical of second generation MOE ASOs, which are usually longer and have higher MOE content.
In conclusion, we report the design and synthesis of F-CeNA pyrimidine nucleoside phosphoramidites and the synthesis and biophysical, structural, and biological evaluation of modified oligonucleotides. The synthesis of the nucleoside phosphoramidites was accomplished in multigram quantities starting from commercially available and inexpensive methyl-D-mannose pyranoside. Elimination of the primary iodide was carried out very efficiently using AgF as opposed to DBU, which gave lower yields. Installation of the fluorine atom was accomplished using nonafluorobutanesulfonyl fluoride, and the cyclohexenyl ring system was assembled by means of a Ferrier rearrangement catalyzed by PdCl 2 . The presence of a fluorine atom adjacent to the exocyclic enol ether did not impede or interfere with the Ferrier rearrangement process. Unfortunately, elimination of the pivaloyloxy group was observed during the scaleup process, but this can be easily avoided by carrying out the mesylation reaction in a solvent other than pyridine or by using an aqueous workup to extract 30 (as opposed to removing pyridine on a rotary evaporator). Installation of the nucleobase was carried out under Mitsunobu conditions followed by standard protecting group manipulations to provide the desired pyrimidine phosphoramidites.
Our biophysical studies with F-CeNA modified oligonucleotides suggest that fluorination provides a modest improvement in RNA affinity relative to CeNA. Overall, F-CeNA was found to behave like a typical 2′-modified nucleotide in the T m experiments, and duplexes with RNA showed lower duplex thermostability as compared to that of the more rigid FHNA. F-CeNA modified oligonucleotides also showed a very dramatic increase in stability against digestion by 3′-exonucleases. However, the improved nuclease stability could very well be a function of the cyclohexenyl ring system, which lacks the 4′ ring oxygen atom. Examination of crystal structures of a modified DNA heptamer duplex d(GCG)-T*-d(GCG):d(CGCACGC) by X-ray crystallography indicated that the cyclohexenyl ring system exhibits both the 3 H 2 and 2 H 3 conformations, similar to the C3′-endo/C2′-endo conformation equilibrium seen in natural furanose nucleosides. In the 3 H 2 conformation, the equatorial fluorine engages in a relatively close contact with C8 (2.94 Å) of the 3′s-adjacent dG nucleotide that may represent a pseudo hydrogen bond. In contrast, the cyclohexenyl ring of FCeNA was found to exist exclusively in the 3 H 2 (C3′-endo like) conformation in the crystal structure of the modified A-form
The structural data demonstrate that the presence of fluorine at the 3′-position of CeNA does not fundamentally alter the conformational flexibility of the cyclohexenyl moiety. Paired with RNA, F-CeNA modifications within a DNA can be expected to increase the stability relative to the corresponding CeNA-DNA chimeric strand by pseudo H-bonding (an isolated F-CeNA residue) or by locking the cyclohexenyl ring in a C3′-endo mimicking conformation (consecutive stretch of F-CeNA residues).
A F-CeNA gapmer ASO also showed similar RNA affinity as compared to that of a sequence matched MOE ASO but was significantly more active in the animal experiment. This observation is consistent with our previous results where a FHNA modified ASO showed improved activity in animal models relative to its sequence matched HNA counterpart despite similar overall T m and activity in cell culture. While we only investigated F-CeNA in the context of RNase H antisense, it would be reasonable to expect that F-CeNA could be used as a nuclease stable surrogate in lieu of FRNA for other antisense applications. For example, Manoharan recently showed that FRNA modified siRNAs display unique gene silencing properties in animals, 6 and the Herdewijn group has shown that CeNA modified siRNAs show good activity in cell culture. 23 Thus F-CeNA modified oligonucleotides could be used as a replacement for FRNA in RISC mediated gene silencing mechanisms or in oligonucleotide aptamers in addition to their utility for RNase H based antisense demonstrated in this report. In addition, F-CeNA could also find utility for the recently described "synthetic genetics" type applications, which use artificial nucleic acids for the storage and propagation of genetic information. 58 
■ EXPERIMENTAL SECTION
Reagents were purchased from commercial vendors and used without any further purification. Unless stated otherwise, all reactions were carried out in oven-dried glassware that was capped with rubber septa and cooled to room temperature under an atmosphere of nitrogen. Animal experiments were carried out using the general procedures described previously.
56,57
Methyl 4,6-O-Benzylidene-3-O-(2-naphthyl-methyl)-α-Dmannopyranoside (20) . A suspension of 19 (397 mmol, 112.0 g) prepared as previously described by Jung 33 and dibutyltin oxide (418 mmol, 104.0 g) in isopropanol (1100 mL) was refluxed until the solids dissolved (10 h). The solvent was then removed under reduced pressure to provide a white solid. 2-Bromomethyl naphthalene (757 mmol, 168.0 g) and CH 3 CN (1100 mL) were added to the reaction flask, and the mixture was heated at 90°C for 4 h. The reaction was cooled to room temperature and diluted with ethyl acetate. The organic layer was then washed with water and brine, dried (Na 2 SO 4 ), Methyl 4,6-O-Benzylidene-2-deoxy-2-methylene-3-O-(2-naphthyl-methyl)-α-D-glucopyranoside (21) . Dimethylsulfoxide (890 mmol, 63.0 mL) was added to a cold (−78°C) solution of oxalyl chloride (440 mmol, 39.0 mL) in dichloromethane (700 mL). After stirring for 30 min a solution of 20 (136.0 g, 306.0 mmol) in dichloromethane (800 mL) was added to the reaction, and the stirring was continued for another 45 min. Triethylamine (1330 mmol, 187 mL) was then added to the reaction, and the cooling bath was removed. After another 30−45 min of stirring, TLC analysis indicated no more starting 20. The reaction was then diluted with dichloromethane, and the organic layer was sequentially washed with 5% HCl, saturated sodium bicarbonate, and brine, dried (Na 2 SO 4 ), and concentrated to provide the crude ketone (135.0 g), which was used without any further purification. 1 nBuLi (500 mmol, 200 mL of a 2.5 M solution) was added to a cold (0°C) suspension of methyltriphenylphosphonium bromide (500 mmol, 179.0 g) in THF (800 mL). After stirring for 2 h, the temperature was lowered to −78°C, and a solution of the crude ketone obtained above in THF (1000 mL) was added to the reaction, which was gradually allowed to warm to room temperature. After stirring for 16 h, the reaction was quenched with saturated ammonium chloride, and the mixture for stirred for 30 min. The reaction was then diluted with ethyl acetate, and the organic layer was washed with water and brine, dried (Na 2 SO 4 ), and concentrated. Purification by chromatography (silica gel, eluting with 10−20% ethyl acetate in hexanes) provided compound 21 (77 g, 58% from 20 The reaction was warmed to 40°C and stirred for 16 h. The reaction was cooled in an ice-bath, carefully quenched with sodium hydroxide (3 N, 470 mL) and hydrogen peroxide (30% solution, 470 mL), and then stirred at room temperature for another 30 min. The reaction was diluted with ethyl acetate, and the organic layer was washed with water and brine, dried (Na 2 SO 4 ), and concentrated. Purification by column chromatography (silica gel, eluting with 33% ethyl acetate in hexanes) provided 22 (78.0 g, 99%, contaminated with traces of 9-BBN byproducts). (23) . Dimethylsulfoxide (510 mmol, 36.0 mL) was added to a cold (−78°C) solution of oxalyl chloride (254 mmol, 22.0 mL) in dichloromethane (900 mL). After 30 min of stirring, a solution of 22 (182 mmol, 78.0 g) in dichloromethane (600 mL) was added to the reaction, and the stirring was continued for another 45 min. Triethylamine (760 mmol, 107.0 mL) was then added to the reaction, and the cooling bath was removed. After another 30−45 min of stirring, TLC analysis indicated no more starting 22. The reaction was then diluted with dichloromethane, and the organic layer was sequentially washed with 5% HCl, saturated sodium bicarbonate, and brine, dried (Na 2 SO 4 ), and concentrated to provide the crude aldehyde, which was used without any further purification. LRMS-ESI [M + Na] + , calcd 457.2, found 457.1.
A solution of the crude aldehyde from obtained above and triethylamine (228 mmol, 32.0 mL) in dichloromethane (1000 mL) was stirred for 5 days at room temperature. Sodium borohydride (182 mmol, 6.9 g) and methanol (200 mL) were added to the reaction, and the stirring was continued for 12 h at room temperature. The reaction was then concentrated on a rotary evaporator, and the residue was diluted with ethyl acetate. The organic layer was sequentially washed with 5% HCl, saturated sodium bicarbonate, and brine, dried, and concentrated. Purification by column chromatography (silica gel, eluting with 5−10% ethyl acetate in dichloromethane) provide the alcohol 23 (54 g, 68% from 22). Methyl 2-Deoxy-3-O-(2-naphthyl-methyl)-2-C-pivaloyloxymethyl-α-D-glucopyranoside (24) . Pivaloyl chloride (145 mmol, 17.6 mL) was added to a cold (0°C) solution of 23 (120 mmol, 53.0 g), DMAP (12 mmol, 1.5 g), and triethylamine (240 mmol, 34.0 mL) in dichloromethane (1 L). The reaction was warmed to room temperature and stirred for 12 h. The reaction was carefully quenched with methanol (5 mL), and the organic phase was washed with 5% aqueous HCl, saturated sodium bicarbonate, and brine, dried (Na 2 SO 4 ), and concentrated to provide the pivaloyl sugar (63.4 g, quantitative), which was used without any further purification. ) in a mixture of 1,4-dioxane (500 mL) and 1% HCl in methanol (500 mL) was heated at 45°C for 3 h, after which it was cooled in an ice bath. A saturated solution of sodium bicarbonate (500 mL) was then carefully added to neutralize the acid, after which the organic solvent was removed on a rotary evaporator. The residue was extracted with dichloromethane, and the organic layer was washed with brine, dried (Na 2 SO 4 ), and concentrated. Purification by column chromatography (silica gel, eluting with 25% ethyl acetate in hexanes followed by 5% MeOH in dichloromethane) provided 24 as a white foam (47.7 g, 92% from 23). Methyl 2,5-Dideoxy-5-iodo-3-O-(2-naphthyl-methyl)-2-Cpivaloyloxymethyl-α-D-glucopyranoside (25) . A suspension of 24 (110 mmol, 47.5 g), triphenylphosphine (120 mmol, 31.8 g), imidazole (240 mmol, 16.5 g), and iodine (120 mmol, 31.0 g) in toluene (1 L) was heated at 50°C for 1 h. The reaction was cooled to room temperature and quenched with saturated sodium thiosulfate. After stirring for 15 min, the reaction was diluted with ethyl acetate, and the organic layer was washed with brine, dried (Na 2 SO 4 ), and concentrated. Purification by column chromatography (silica gel, eluting with 10−25% ethyl acetate in hexanes) provided 25 as a white foam (56.5 g, 95%) . 1 (27) . A solution of 26 (99.3 mmol, 54.1 g) and AgF (298 mmol, 38.0 g) in pyridine (1 L) was stirred in dark at room temperature for 3 days after which it was filtered through a Celite pad and washed with ethyl acetate. The resulting mixture was washed with water, 5% HCl, saturated sodium bicarbonate, and brine, dried (Na 2 SO 4 ), and concentrated. Purification by chromatography (silica gel, eluting with 10 ethyl acetate in hexanes) provided 27 as a light yellow gum (39.7 g, 96%). (2R,3R,4S)-2-Fluoro-5-hydroxy-3-(methoxy-2-naphthalene)-4-(pivaloyloxymethyl)-cyclohexanone (28) . A suspension of palladium(II) chloride (4.7 mmol, 0.83 g) and 27 (93.3 mmol, 38.9 g) in a 1,4-dioxane (600 mL) and water (300 mL) mixture was stirred at 70°C for 20 min. The reaction was cooled to room temperature and extracted with ethyl acetate. The resulting solution was washed with brine, dried (Na 2 SO 4 ), and concentrated. Purification by column chromatography (silica gel, eluting with 50% ethyl acetate in hexanes) Sodium borohydride (189 mmol, 7.2 g) was added to a cold (−78°C ) suspension of cerium chloride (94.5 mmol, 25.8 g) and the crude residue from above in ethanol (700 mL) and THF (700 mL). After 90 min of stirring, the solvent was evaporated under reduced pressure, and the residue was redissolved in dichloromethane. The organic layer was sequentially washed with 5% HCl, saturated sodium bicarbonate, and brine, dried (Na 2 SO 4 ), and concentrated. Purification by column chromatography (silica gel, eluting with dichloromethane, 10% ethyl acetate in dichloromethane) provided 31 as a yellow gum (12.63 g, 37% from 28) and 32 (9.22 g, 34% from 28) as a white solid. 88 (m, 1H, H5), 1.82 (s, 3H, CH3 (36) . DMTrCl (16.1 mmol, 5.4 g) was added to a cold (0°C) solution of 35 (11.5 mmol, 3.1 g) in pyridine (115 mL). The reaction was then warmed to room temperature, and the reaction was stirred at room temperature for 3 h, after which methanol (10 mL) was added to the reaction. After stirring for 30 min, the reaction was partitioned between ethyl acetate and water. The organic layer was washed with brine, concentrated under reduced pressure, and purified by column chromatography (silica gel, eluting with 2−5% MeOH in dichloromethane) to provide 36 (6.5 g, 98% (37) . To a solution of 36 (5.6 mmol, 3.2 g) and tetrazole (4.5 mmol, 0.31 g) in DMF (29 mL) at 0°C were added 1-methyl imidazole (1.4 mmol, 0.11 mL) and 2-cyanoethyltetraisopropyl phosphorodiamidite (8.4 mmol, 2.7 mL). The reaction was warmed to room temperature and stirred for 2 h. The reaction was quenched with saturated sodium bicarbonate extracted with ethyl acetate. The organic layer was washed with brine, dried (Na 2 SO 4 ), and concentrated under reduced pressure. Purification by column chromatography (silica gel, eluting with 33% ethyl acetate in hexanes) provided 37 (3.88 g, 90%). (38) . TBSCl (16.9 mmol, 2.9 g) was added to a cold (0°C) solution of 36 (6.75 mmol, 3.9 g) and imidazole (43.8 mmol, 3.0 g) in DMF (60 mL). After the addition, the ice bath was removed, and the reaction was warmed to room temperature and stirred for 16 h. The reaction was quenched with saturated sodium bicarbonate and extracted with diethyl ether. The organic layer was then washed with brine, dried (Na 2 SO 4 ), and concentrated under reduced pressure. Purification by column chromatography (silica gel, eluting with 1% methanol in dichloromethane) provided 38 (3.51 g, 76%, contaminated with trace DMF). 1 (39) . POCl 3 (40 mmol, 3.66 mL) was added to a cold (0°C) suspension of 1,2,4-triazole (160 mmol, 11 g) in CH 3 CN (40 mL) at 0°C. The mixture was stirred at 0°C for 15 min, Et 3 N (200.0 mmol, 28.0 mL) was added, and the stirring was continued for another 30 min at 0°C. A solution of 38 (5.0 mmol, 3.43 g) was added via a cannula, and the reaction was warmed to room temperature and stirred for 2 h. The reaction was concentrated under reduced pressure and suspended in ethyl acetate. The organic layer was then washed with water and brine, dried (Na 2 SO 4 ), and concentrated under reduced pressure to provide the crude triazolide, which was used without any further purification.
The residue from above was dissolved in a mixture of 1,4-dioxane (50 mL) and aqueous ammonia (27 mL of a 32% aqueous solution), and the reaction was aged at room temperature for 16 h. The reaction was then partitioned between ethyl acetate and water, and the organic layer was washed with brine, dried (Na 2 SO 4 ), and concentrated under reduced pressure. Purification by column chromatography (silica gel, eluting with 2% methanol in dichloromethane) provided the cytosine nucleoside (3.0 g). Oligonucleotide Synthesis and Purification. Oligonucleotides 1−21 (Supporting Information) were synthesized at 2 μmol scale using T-CPG or UnyLinker support, 0.l M solutions of all phosphoramidites in acetonitrile, and standard oxidizing and capping reagents. An extended coupling time of 5 min was used for incorporation of the modified analogues. Oligonucleotides A1 and A2 were synthesized at 40 μmol scale using UnyLinker PS200 universal support, 0.2 M phenylacetyldisulfide (PADS) in 1:1 3-picoline/acetonitrile as a sulfur-transfer reagent, 20% tert-butylhydroperoxide in wet acetonitrile as oxidizer, and 0.7 M dicyanoimidazole in acetonitrile as the activator. All phosphoramidites were used at 0.1 M concentration in acetonitrile. For each of the modified analogues 4-fold excess of amidite was delivered with a 12 min coupling time. The 5′-end dimethoxytrityl group was left on to facilitate purification. Postsynthetically, all oligonucleotides were treated with 1:1 triethylamine/acetonitrile to afford removal of the cyanoethyl protecting group from the phosphate/phosphorothioate bridges. Subsequently, oligonucleotides were treated with conc aq NH 4 OH at 55°C for 9−12 h to cleave from support, remove heterocyclic protecting groups, and hydrolyze the UnyLinker moiety (A1 and A2). Oligonucleotides 1−21 were purified by ion-exchange chromatography using a gradient of NaBr across a column packed with Source 30Q resin. Pure fractions were desalted using C18 SepPak cartridges. Oligonucleotides A1 and A2 were purified by ion-exchange chromatography using a gradient of NaBr across Source 30Q resin, with the 5′-DMT group being removed during purification using 6% (v/v) aq dichloroacetic acid. Pure fractions were desalted by binding to a C18 reverse-phase column and eluting with 50% (v/v) acetonitrile in water. Purity and mass of oligonucleotides was determined using ionpair LC−MS.
T m Measurements. For the T m experiments, oligonucleotides were prepared at a concentration of 8 uM in a buffer of 100 mM Na + , 10 mM phosphate, 0.1 mM EDTA, pH 7. Concentration of oligos was determined at 85°C. The oligo concentration was 4 μM with mixing of equal volumes of test oligo and match or mismatch RNA strand. Oligos were hybridized with the complementary or mismatch RNA strand by heating the duplex to 90°C for 5 min and allowed to cool at room temperature. Using the spectrophotometer, T m measurements were taken by heating the duplex solution at a rate of 0.5°C/min in cuvette starting at 15°C and heating to 85°C. T m values were determined using Vant Hoff calculations (A 260 vs temperature curve) using non-self-complementary sequences where the minimum absorbance that relates to the duplex and the maximum absorbance that relates to the nonduplex single strand are manually integrated into the program.
■ ASSOCIATED CONTENT * S Supporting Information 1 H, 13 C, and 19 F NMR spectra for all new compounds; 31 P NMR spectra for all phosphoramidites; analytical data for oligonucleotides; CIF and RTF files for crystal structures. This material is available free of charge via the Internet at http:// pubs.acs.org.
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